Reif GA, Yamaguchi T, Nivens E, Fujiki H, Pinto CS, Wallace DP. Tolvaptan inhibits ERK-dependent cell proliferation, Cl Ϫ secretion, and in vitro cyst growth of human ADPKD cells stimulated by vasopressin. Am J Physiol Renal Physiol 301: F1005-F1013, 2011. First published August 3, 2011 doi:10.1152/ajprenal.00243.2011In autosomal dominant polycystic kidney disease (ADPKD), arginine vasopressin (AVP) accelerates cyst growth by stimulating cAMP-dependent ERK activity and epithelial cell proliferation and by promoting Cl Ϫ -dependent fluid secretion. Tolvaptan, a V2 receptor antagonist, inhibits the renal effects of AVP and slows cyst growth in PKD animals. Here, we determined the effect of graded concentrations of tolvaptan on intracellular cAMP, ERK activity, cell proliferation, and transcellular Cl Ϫ secretion using human ADPKD cyst epithelial cells. Incubation of ADPKD cells with 10 Ϫ9 M AVP increased intracellular cAMP and stimulated ERK and cell proliferation. Tolvaptan caused a concentration-dependent inhibition of AVP-induced cAMP production with an apparent IC50 of ϳ10 Ϫ10 M. Correspondingly, tolvaptan inhibited AVP-induced ERK signaling and cell proliferation. Basolateral application of AVP to ADPKD cell monolayers grown on permeable supports caused a sustained increase in short-circuit current that was completely blocked by the Cl Ϫ channel blocker CFTRinh-172, consistent with AVP-induced transepithelial Cl Ϫ secretion. Tolvaptan inhibited AVP-induced Cl Ϫ secretion and decreased in vitro cyst growth of ADPKD cells cultured within a three-dimensional collagen matrix. These data demonstrate that relatively low concentrations of tolvaptan inhibit AVP-stimulated cell proliferation and Cl Ϫ -dependent fluid secretion by human ADPKD cystic cells.
V2 receptor; cyclic AMP; polycystic kidney disease; MAP kinase AUTOSOMAL DOMINANT POLYCYSTIC kidney disease (ADPKD) is the most common inherited renal disorder and accounts for ϳ10% of patients with end-stage renal disease, ultimately requiring renal replacement therapy (9) . Aberrant epithelial cell proliferation is responsible for inexorable growth of numerous fluid-filled cysts leading to extensive nephron loss, massively enlarged kidneys, and progressive decline in renal function. ADPKD is caused by mutations in PKD1 (ϳ85% of cases) and PKD2 (ϳ15% of cases), which encode polycystin-1 (PC-1) and PC-2, respectively. PC-1 interacts with PC-2 to form a multifunctional signaling complex that regulates intracellular Ca 2ϩ signaling, epithelial development and repair, and is essential for maintaining a differentiated phenotype of renal epithelial cells (3, 7, 14, 26, 36, 45) . The mechanism underlying renal cyst formation remains unclear; however, it is generally accepted that functional loss of the polycystins transforms tubule epithelial cells into poorly differentiated hyperplastic cells that give rise to renal cysts.
Adenosine 3=,5=-cyclic monophosphate (cAMP) agonists, including arginine vasopressin (AVP), accelerate cyst growth by stimulating both mural epithelial cell proliferation and transepithelial Cl Ϫ secretion coupled to osmotic water flow (reviewed in Ref. 38) . In ADPKD cells, cAMP-dependent cell proliferation is mediated by protein kinase A activation of B-Raf, a kinase that stimulates MEK which, in turn, phosphorylates and activates the mitogen-activated protein kinase ERK (48) . Translocation of activated ERK into the nucleus upregulates transcriptional activity of genes involved in cell proliferation. By contrast, B-Raf is repressed in normal kidney cells and cAMP inhibits ERK activity and cell proliferation (49) . Several lines of evidence support the hypothesis that disruption of intracellular Ca 2ϩ signaling and/or reduction in intracellular Ca 2ϩ levels contribute to the phenotypic difference in the proliferative response to cAMP between PKD and normal renal cells (1, 24, 46, 50, 52) . ADPKD cystic cells have a lower steady-state intracellular Ca 2ϩ level compared with normal tubule cells, and a sustained reduction of intracellular Ca 2ϩ by treatment with Ca 2ϩ channel blockers predisposes normal renal cells to cAMP-dependent stimulation of ERK and cell proliferation (46, 50) .
AVP is an important antidiuretic hormone that stimulates intracellular cAMP production by binding V2 receptors on collecting ducts and distal nephron, predominant sites for cyst formation in ADPKD and ARPKD (2, 8, 17, 32, 37, 44) . Studies showed that renal cAMP is elevated in PKD animals, including pcy mice, jck mice, PCK rats, and Pkd2 WS25/Ϫ mice (12, 30, 35, 47) . A potential explanation for elevated renal cAMP is the overexpression and hyperactivation of V2 receptors in the cyst epithelial cells (11-13, 23, 35) . ADPKD patients also have elevated plasma AVP (5, 22) , a physiological response to a decline in concentrating capacity of the cystic kidneys (10, 21) .
Specific V2 receptor antagonists, so-called "aquaretic agents," block the action of AVP on collecting duct cells and are being developed for the treatment of hypotonic hyponatremia in water-retaining disorders such as the syndrome of inappropriate antidiuretic hormone secretion, liver cirrhosis, and congestive heart failure (4, 6, 29, 51) . OPC-31260, a nonpeptide V2 receptor antagonist, administered to animals orthologous to human PKD, including Pkd2 WS25/Ϫ mouse (ADPKD), PCK rat (ARPKD), and pcy mouse (nephronophthisis type 3), reduced renal cAMP and dramatically halted disease progression measured by reductions in kidney volume, cystic area, number of mitotic cells, and blood urea nitrogen (12, 35, 42) . These results provide a strong rationale for testing V2 receptor antagonists in ADPKD patients (34) .
Tolvaptan, a derivative of OPC-31260, has a higher affinity for the human V2 receptor (51) and is currently being investigated for safety and efficacy in ADPKD patients (TEMPO trials). Preliminary data suggest that tolvaptan slows ADPKD cyst growth (33) ; however, the mechanism has not been fully elucidated. The purpose of the current study was to examine the effects of various concentrations of tolvaptan on AVPinduced cAMP production, ERK-mediated cell proliferation, Cl Ϫ secretion, and in vitro cyst growth of human ADPKD cyst epithelial cells. The results suggest that concentrations of tolvaptan achievable in the plasma of ADPKD patients in the TEMPO trials potently inhibit AVP-induced cell proliferation and Cl Ϫ -dependent fluid secretion by human ADPKD cyst epithelial cells.
METHODS

Primary cultures of ADPKD and normal human kidney cells.
ADPKD kidneys were obtained from hospitals participating in the Polycystic Kidney Research Retrieval Program with the assistance of the PKD Foundation (Kansas City, MO) and from the Biospecimen Shared Resource at the Kansas University Medical Center (KUMC). ADPKD patients who donated their discarded kidneys had a median age of 53 years, ranging from 43 to 73 years (n ϭ 13). Since the majority of ADPKD cases are caused by mutations in PKD1 and these patients have an earlier onset of end-stage renal disease compared with patients with PKD2 mutations (54 vs. 74 years) (27) , it is likely that most, if not all, of the primary ADPKD cells were derived from PKD1 kidneys. Normal regions of human kidneys, confirmed by histological examination, were collected from nephrectomy specimens. Normal kidneys withheld from transplantation as a result of anomalous vasculature were also obtained from the Midwest Transplant Network (Kansas City, KS). The protocol for the use of surgically discarded kidney tissues complies with federal regulations and was approved by the Institutional Review Board at KUMC. Primary cell cultures were prepared as previously described (40, 46) . Cells were seeded and grown in T75 flasks containing DMEM/F12 (1:1) media supplemented with 5% FBS, 5 g/ml insulin, 5 g/ml transferrin, and 5 ng/ml sodium selenite (ITS). At 70 to 80% confluency, cells were lifted from the plastic and either frozen in culture medium containing 10% DMSO for storage in liquid N 2 or seeded directly for experiments. Previously, ADPKD cells were shown to stain Dolichos biflorus agglutinin and express abundant aquaporin-2 (AQP-2), suggesting that these cells are derived primarily from collecting ducts (25, 48) .
Tolvaptan. Tolvaptan {OPC-41061; (Ϯ)-7-chloro-5-hydroxy-1-[2-methyl-4-(2-methylbenzoylamino)benzoyl]-2,3,4,5-tetra-hydro-1H-1-benzazepine} (4) was a generous gift from Otsuka Pharmaceutical (Tokushima, Japan). Tolvaptan (molecular mass of 448.94 g/mol) was dissolved in water and stored as 1,000ϫ stock solutions in a Ϫ20°C freezer until used.
Cell proliferation measurements. ADPKD cells (4 ϫ 10 3 cells/ well) were seeded into 96-well culture plates (6 wells per experimental condition) and incubated in DMEM/F12 supplemented with 1% FBS and ITS for 24 h. The serum concentration was reduced to 0.002% and ITS was removed for an additional 24 h before the experiment. For each experiment, cells were incubated in 0.002% FBS media containing 100 M 8-Br-cAMP, AVP (10 Ϫ12 to 10 Ϫ6 M), 25 ng/ml EGF and/or tolvaptan (10 Ϫ12 to 10 Ϫ6 M) for 48 to 72 h, and then cell proliferation was determined by Promega Cell Titer 96 MTT assay (49) . During the experiment, the cells remained subconfluent and did not form a polarized monolayer.
Immunoblot analysis. Cells (0.5 ϫ 10 6 ) were seeded onto plastic petri dishes (100-mm diameter) containing DMEM/F12 medium with 1% FBS. The serum was reduced to 0.002% when the cells were ϳ75% confluent and the cells were allowed to grow for an additional 24 h. Cells were treated with tolvaptan for 30 min, and then AVP, 8-Br-cAMP, and/or EGF were added for an additional 15 min before cell lysates were prepared (48) . Immunoblots were probed with antibodies for phospho-ERK (E-4), ERK1 (C-16), and ERK2 (C-14) from Santa Cruz Biotechnology (Santa Cruz, CA). Secondary antirabbit and anti-mouse IgG-conjugated horseradish peroxidases were purchased from Santa Cruz Biotechnology.
Growth measurements of cultured ADPKD cysts. Primary cultures of ADPKD cells (4 ϫ 10 3 cells/well) were dispersed within ice-cold type I collagen (PureCol; Advanced BioMatrix, San Diego, CA) in wells of a 96-well culture plate (40, 41) . Warming the plate to 37°C caused polymerization of the collagen, trapping the cells within the gel. A defined medium (DMEM/F12 with ITS, 5 ϫ 10 Ϫ8 M hydrocortisone, 5 ϫ 10 Ϫ5 M triiodothyronine) containing 5 M forskolin and 5 ng/ml EGF was added for 3 days to initiate cyst growth. At this time, the outer diameters of the cysts were Ͻ100 m. The agonists were removed and the gels were rinsed twice with defined media. To initiate the experiment, control media or media containing 10 Ϫ8 M AVP alone or in combination with 10 Ϫ8 M tolvaptan were added. After 5-7 days, the outer diameters of cross-sectional images of spherical cysts with distinct lumens were measured using a digital camera attached to an inverted microscope and analyzed with video analysis software. Surface area was calculated from the outer diameters and total surface area of the cysts was determined from the sum of individual cysts within each well. Cysts with diameters Ͻ100 m were excluded from measurement. These experiments were repeated in three cell preparations from different ADPKD kidneys.
Statistics. Data are expressed as means Ϯ SE. Statistical significance was determined by one-way ANOVA and Student-NewmanKeuls posttest for multiple comparisons or unpaired t-test for comparison between control and treated groups.
RESULTS
Effect of AVP on cAMP-dependent proliferation of human ADPKD cells.
Previously, 100 mU/ml AVP (ϳ3.7 ϫ 10 Ϫ7 M) and 100 mU/ml desmopressin (DDAVP, 2.1 ϫ 10 Ϫ8 M), agonists that bind to V2 receptors, increased intracellular cAMP and stimulated ERK-dependent proliferation of human ADPKD cyst epithelial cells (2) . Here, we tested the effect of various AVP concentrations ranging from 10 Ϫ12 to 10 Ϫ6 M on intracellular cAMP levels in confluent ADPKD cell monolayers. Cells were incubated for 15 min with AVP and then intracellular cAMP levels were measured using a cAMP enzyme-immunoassay system, as described previously (2) . Low AVP concentrations (10 Ϫ12 to 10 Ϫ10 M) had no measurable effect on intracellular cAMP, whereas 10 Ϫ9 to 10 Ϫ6 M AVP increased intracellular cAMP levels in a concentration-dependent relationship (Fig. 1) . In a composite of seven experiments, 10 Ϫ9 M AVP increased cAMP levels from 0.7 Ϯ 0.2 to 4.3 Ϯ 0.6 pmol/monolayer (P Ͻ 0.0001), demonstrating that concentrations of AVP in the physiological range stimulate cAMP production in human ADPKD cells.
Incubation of ADPKD cells for 2 or 3 days with 10 Ϫ12 M AVP, a concentration 1,000-fold lower than was required to induce a measurable increase in intracellular cAMP, caused a significant increase in cell proliferation ( Fig. 2A) . The reason for the discrepancy in the concentration relationship between the effect of AVP on intracellular cAMP and cell proliferation is unclear. It is well-documented that compartmentalization of the cAMP signal provides specificity for a cellular response to ligands binding to G protein-coupled receptors (16) . It is possible that 10 Ϫ12 M AVP increases cAMP in a cellular compartment in close proximity of a protein complex involved in activation of cell proliferation; however, this concentration may be insufficient to increase total cellular cAMP to a level that can be detected by standard enzyme-immunoassay methods. The difference in the incubation periods for the cAMP assays (15 min) and the proliferation assays (48 -72 h) may also account for the disparity. In a composite of six experiments, 10 Ϫ9 M AVP increased ADPKD cell proliferation 60.6 Ϯ 7.6% (P Ͻ 0.001) above the control-treated cells (set to 100%). The increase in cell proliferation induced by AVP was comparable to the effect of 100 M 8-bromo-cAMP, a cell membrane-permeable form of cAMP.
To determine whether AVP stimulates the proliferation of noncystic tubule cells, epithelial cells were cultured from normal-appearing tissue of two early-stage ADPKD kidneys and compared with cells derived from adjacent cortical cysts (46) . These ADPKD patients had relatively normal renal function; however, one kidney was removed from each patient for the treatment of severe pain. EGF stimulated the proliferation of both cystic and noncystic cells (Fig. 2B) ; by contrast, AVP stimulated the proliferation of only the cystic cells. Treatment with AVP had no effect on noncystic cells from kidney #182 and caused a small decrease in proliferation of noncystic cells from kidney #171. These results are consistent with previous studies showing that cAMP stimulates proliferation of cyst epithelial cells but not noncystic cells from early-stage human ADPKD kidneys (46) .
Effect of tolvaptan on AVP-dependent cAMP production and ERK-dependent proliferation of human ADPKD and normal human kidney cells. ADPKD cells were incubated with tolvaptan for 30 min before the addition of 10
Ϫ9 M AVP for an additional 15 min. Lowest concentrations of tolvaptan (10 Ϫ12 and 10 Ϫ11 M) caused a slight increase in intracellular cAMP above the effect of AVP alone (set to 100%); however, these increases were not significant. By contrast, higher concentrations of tolvaptan inhibited the effect of AVP with an apparent IC 50 of ϳ2 ϫ 10 Ϫ10 M (Fig. 3 ) and the maximal inhibitory effect was achieved with a concentration as low as 10 Ϫ9 M tolvaptan.
In cell proliferation assays, AVP increased ADPKD cell proliferation 52% above control (Fig. 4A ) and the addition of tolvaptan inhibited AVP-induced cell proliferation with a similar dose relationship as its effect on intracellular cAMP. Stimulation of cell proliferation by AVP was decreased 30% (P Ͻ 0.05) and 43% (P Ͻ 0.001) by addition of 10 Ϫ10 and 10 Ϫ9 M tolvaptan, respectively, and was completely blocked by 10 Ϫ8 M tolvaptan. In the absence of AVP, tolvaptan had a biphasic effect on cell proliferation (Fig. 4B) . The lowest concentrations of tolvaptan caused a small, but significant, increase in ADPKD cell Ϫ4 M 8-Br-cAMP, a membrane-permeable form of cAMP. Cell proliferation (means Ϯ SE) was determined by a Promega MTT proliferation assay and normalized to untreated control (open bar). **P Ͻ 0.001. B: primary cultures were generated from tubule epithelial cells from noncystic regions, confirmed by histology examination, and surface cysts of 2 early-stage ADPKD kidneys (K171 and K182). Cells were incubated with either 25 ng/ml epidermal growth factor (EGF), a mitogenic factor, or 3.7 ϫ 10 Ϫ7 M AVP. AVP stimulated proliferation of cystic cells but not noncystic "normal tubule" cells, whereas EGF increased the proliferation of both cystic and noncystic cells. proliferation, suggesting that the compound may be a partial agonist. By contrast, the highest concentration of tolvaptan (10 Ϫ7 M) reduced proliferation below baseline. In NHK cells, AVP inhibited cell proliferation by ϳ25% (Fig. 4C) , consistent with the effect of cAMP (49) , and the addition of tolvaptan blocked the AVP effect with cell proliferation returning to baseline with the highest tolvaptan concentration.
To determine whether the effect of tolvaptan to inhibit proliferation was associated with changes in ERK activation, we measured phosphorylated ERK (P-ERK) and total ERK in ADPKD cells incubated with 10 Ϫ9 M AVP in the absence or presence of tolvaptan. Treatment with AVP for 15 min increased P-ERK to the same level as 10 Ϫ4 M 8-Br-cAMP (Fig. 5A) . Incubation with tolvaptan for 30 min before the addition of AVP inhibited the effect of AVP on ERK phosphorylation, whereas there was no consistent effect on total ERK levels. In a composite of three experiments, 10 Ϫ9 M tolvaptan caused a significant decrease in P-ERK/ERK and 10 Ϫ8 M tolvaptan completely blocked AVP-induced ERK activation (Fig. 5B) .
Effect of tolvaptan on AVP-induced Cl Ϫ secretion by human ADPKD cell monolayers. Accumulation of fluid within the cysts of ADPKD kidneys is driven by cAMP-dependent transcellular Cl Ϫ secretion mediated by apical CFTR Cl Ϫ channels (38, 40) . To determine the effects of AVP and tolvaptan on anion secretion, ADPKD cell monolayers were grown on permeable supports, which were mounted in modified Ussing chambers for measurement of short-circuit current (I SC ), as described previously (19) . Forskolin, a cAMP agonist, stimulated I SC by ADPKD cells and the subsequent apical addition of CFTR inh-172 , an inhibitor of the CFTR Cl Ϫ channel, blocked forskolin-stimulated I SC with an apparent IC 50 of 5 M (Fig. 6A) . V2R is predominantly expressed on the basolateral surface of collecting duct cells. Recently, V2R was also shown to localize to the primary cilium on the apical aspect of collecting duct M. AVP (10 Ϫ9 M) was added to the bathing solution for an additional 15 min, and then cAMP was extracted from the cells and measured using a cAMP enzyme immunoassay (2) . The apparent IC50 for tolvaptan to inhibit the effect of AVP on intracellular cAMP in human ADPKD cyst epithelial cells appears to be ϳ0.2 nM. Data are means Ϯ SE (n ϭ 3 ADPKD cell preparations). **P Ͻ 0.001 compared with AVP alone (set to 100%). cells (20) . Here, we compared the effects of apical and basolateral AVP on anion secretion by human ADPKD cell monolayers. Benzamil (10 M), a potent amiloride derivative, was added to the apical medium to eliminate the potential contribution of the epithelial Na ϩ channel ENaC to I SC (Fig. 6B ). Basolateral addition of 10 Ϫ9 M AVP caused a marked increase in I SC and 10 Ϫ8 M AVP caused a further increase. By contrast, there was no effect of 10 Ϫ9 AVP added to the apical media and 10 Ϫ8 M apical AVP caused only a small increase in I SC . These data confirm that basolateral, but not apical, AVP potently stimulates anion secretion by human ADPKD cells. In other experiments, AVP was added sequentially to the basolateral fluid for final concentrations ranging from 10 Ϫ10 to 10 Ϫ6 M and steady-state I SC was recorded (ϳ5 min; Fig. 6C ). In the composite of eight experiments, there was no change in I SC at low concentrations, but concentrations of AVP at or above 10 Ϫ8 M caused a consistent increase in anion secretion. Addition of 5 M apical CFTR inh-172 completely blocked the effect of AVP, confirming that AVP-induced anion secretion was dependent on apical CFTR Cl Ϫ channel (Fig. 6D) . To investigate the effect of tolvaptan on Cl Ϫ secretion, ADPKD cell monolayers were stimulated with 10 Ϫ8 M AVP and after a new steady-state I SC was reached increasing concentrations of tolvaptan were added (Fig. 6E) . Basolateral addition of tolvaptan (Ն10 Ϫ8 M) inhibited AVP-induced Cl Ϫ secretion by human ADPKD cyst epithelial cells.
Effect of tolvaptan on AVP-dependent cyst formation of ADPKD cells in vitro.
To investigate the effect of tolvaptan on AVP-dependent cell proliferation and fluid secretion under conditions that more closely resemble cyst growth in situ, ADPKD cells were cultured within a polymerized collagen gel and stimulated to form cysts. Cysts developed within a collagen matrix from clonal growth of individual cells treated with EGF and forskolin. After cyst formation was initiated, EGF and forskolin were removed, and AVP alone or in combination with tolvaptan were added to the bathing media. AVP increased the total surface area (SA) of the ADPKD cysts (diameter Ն100 m) per well (Fig. 7) . Addition of 10 Ϫ8 M tolvaptan significantly reduced total SA, demonstrating that V2 receptor antagonism inhibits both cell proliferation and Cl Ϫ -dependent fluid secretion by ADPKD cysts stimulated with AVP.
DISCUSSION
AVP is secreted by the posterior pituitary gland in response to changes in extracellular fluid osmolality. Binding of AVP to V2 receptors on the basolateral membrane of principal cells of the collecting duct increases intracellular cAMP, causing activation and insertion of AQP-2 water channels into the apical membrane. Enhanced water permeability of the collecting duct allows water in the glomerular filtrate to be reabsorbed and returned to the circulation. Maintenance of water excretion by the kidneys depends on an appropriate plasma AVP level to correctly regulate osmotic water reabsorption.
In ADPKD and ARPKD, renal cysts originate from collecting ducts, where V2 receptors are predominantly expressed (2, 32, 37) . AVP stimulates cAMP production in human ADPKD and ARPKD cells through G protein-coupled receptor activation of adenylyl cyclases. Several signaling pathways have been implicated in PKD pathogenesis; however, cAMP has been shown to play a central role in cyst growth by stimulating both cell proliferation and transepithelial fluid secretion. In PCK rats, a model orthologous to human ARPKD, suppression of plasma AVP by simply increasing water intake reduced renal cAMP and decreased the level of ERK activation, cell proliferation, and disease progression (23). OPC-31260, which antagonizes V2 receptors, also reduced renal cAMP and dramatically halted disease progression in four different genetic models of PKD (12, 35, 42) . Wang et al. (43) confirmed that the effect of the V2 receptor antagonist was due to inhibition of the renal effects of AVP by eliminating vasopressin expression in the PCK rat. PCK rats were crossed with Brattleboro rats that lack AVP due to a mutation in the vasopressin gene. Elimination of AVP reduced renal cAMP accumulation, ERK activity, cell proliferation, and fibrosis; and the kidneys were essentially free of cysts. Administration of DDAVP by osmotic minipump restored cystic disease in the AVP-deficient PCK rats, providing unequivocal evidence for the roles of AVP and cAMP on PKD progression.
Tolvaptan is an orally administered, potent, and highly selective V2 receptor antagonist that increases free water clearance and has been shown to correct hyponatremia (serum sodium levels below 135 mmol/l) associated with heart failure, cirrhosis, or syndrome of inappropriate antidiuretic hormone secretion (4, 6, 29, 51) . The affinity of tolvaptan for V2 receptors is 1.8-fold greater than AVP (K i 0.43 vs. 0.78 nM) and 29-fold greater than V 1A receptor (K i 12.3 nM); and tolvaptan does not appear to bind to V 1B receptors (51). In patients with heart failure, daily delivery of 15-60 mg of tolvpatan (titrated according to response) for up to 30 days improved serum sodium levels. The drug was well-tolerated with only a few adverse events such as thirst and dry mouth. Pharmacokinetic parameters have been evaluated after oral administration of 30 mg tolvaptan once daily for 7 days (15). The mean peak plasma concentration was 283 ng/ml (630 ϫ 10 Ϫ7 M) achieved 2 h after drug delivery. The mean area under the plasma concentration-time curve over the 24-h dosage interval was 3,087 ng·h Ϫ1 ·ml Ϫ1 . The mean minimum plasma concentration of tolvaptan at the end of the once daily dosage interval was 48 ng/ml (1.07 ϫ 10 Ϫ7 M) and the average plasma concentration at steady state was 129 ng/ml (2.87 ϫ 10 Ϫ7 M). Free concentration of tolvaptan may be much lower than total plasma concentration since the drug is highly bound to plasma protein (28) .
TEMPO (Tolvaptan Efficacy and safety in Management of Polycystic kidney disease and its Outcomes) 2/4 is a multicenter, open-label randomized dose-ranging study to investigate the long-term effects of tolvaptan on patient safety, tolerability, and efficacy. Mean total kidney volume (TKV) was measured by magnetic resonance imaging and by changes in glomerular filtration rate (eGFR). After a dose titration phase, patients were randomized into two groups receiving oral delivery of tolvaptan twice per day in split doses of either 45/15 mg (low) or 60/30 mg (high). Target urine osmolality for tolvaptan inhibition of renal AVP activity was below 300 mosmol/kgH 2 O. Preliminary results from the 3-yr treatment indicate that tolvaptan decreased TKV growth and slowed the decline of eGFR in ADPKD patients (33) . On withdrawal of tolvaptan, TKV resumed at the expected rate of growth while GFR appeared to remain stable. TEMPO 3/4 is a placebocontrolled double-blind trial, involving oral delivery of tolvaptan twice per day in split doses 45/15, 60/30, and 90/30 mg for 3 yr.
In the current study, we found that 1 ϫ 10 Ϫ9 M AVP increased intracellular cAMP from 0.7 Ϯ 0.2 to 4.3 Ϯ 0.6 pmol/monolayer, increased the level of P-ERK, and accelerated the proliferation of ADPKD cyst epithelial cells. Tolvaptan inhibited AVP-induced cAMP production with an apparent IC 50 of ϳ0.2 nM (Fig. 3) , similar to the reported K i for tolvaptan binding to V2 receptors. Tolvaptan (10 Ϫ10 to 10 Ϫ9 M) decreased P-ERK/ERK (Fig. 5 ) and inhibited ADPKD cell proliferation (Fig. 4A) . These concentrations had no apparent effect on basal cell proliferation (Fig. 4B) . Interestingly, 10
Ϫ7
M tolvaptan caused a small, but significant, decrease in basal cell proliferation. The mechanism for the inhibitory effect of tolvaptan in the absence of AVP is unclear; however, it is possible that at high concentrations, the drug inhibits endogenous activity of the V2R or that the drug has additional anti-proliferative effects.
In HELA cells expressing cloned human V2 receptors, tolvaptan (10 Ϫ10 to 10 Ϫ9 M) had no effect on AVP-induced cAMP production, whereas higher concentrations strongly inhibited cAMP production (51) . In the present study, we examined a broader range of tolvaptan concentrations in human ADPKD cells. Surprisingly, vanishingly low concentrations of tolvaptan (10 Ϫ12 to 10 Ϫ11 M) increased cAMP ϳ20% above the effect of AVP alone (Fig. 3 ) and stimulated basal cell proliferation (Fig. 4B) , suggesting that tolvaptan at low concentrations could be a partial agonist for the V2 receptor. However, these effects of tolvaptan did not appear to prevent the concentration-dependent decrease in cell proliferation (Fig.  4A ) and ERK activation (Fig. 5) when administered with AVP. In recent studies of human subjects (TEMPO and the Study of Ascending Levels of Tolvaptan in Hyponatremia), tolvaptan administration over a range of doses consistently decreased urine osmolality and increased the rate of urine flow acutely and over the longer term. Moreover, there are no reports of unanticipated antidiuresis following the administration of tolvaptan. It would appear that doses of tolvaptan used in these trials are sufficient to chronically inhibit V2 receptors, reduce urine osmolality, and increase urine volume above baseline levels; the expected effects were tolvaptan to lower cAMP levels in collecting ducts.
The remarkable appearance of an end-stage ADPKD kidney is due to the accumulation of fluid within the hundreds or thousands of cysts that grossly expand the TKV. Fluid secretion by human ADPKD cells is associated with an increase in apically negative transepithelial potential difference (V te ) and positive I SC , consistent with active anion secretion (19) . Apical application of diphenylamine-2-carboxylate, a Cl Ϫ channel blocker, decreases I SC , depolarizes V te , and inhibits net fluid secretion. Here, we show that basolateral, but not apical, AVP increases I SC across ADPKD cell monolayers (Fig. 6B) and that apical addition of the highly selective CFTR Cl Ϫ channel blocker CFTR inh-172 blocks AVP-induced I SC (Fig. 6D) , confirming that basolateral AVP induces Cl Ϫ secretion by cystic cells via apical CFTR Cl Ϫ channels (18, 19, 31, 40) . Tolvaptan (concentrations Ն10 Ϫ8 M) inhibits AVP-stimulated Cl Ϫ secretion by human ADPKD cell monolayers (Fig. 6E ) and decreases in vitro cyst growth of ADPKD cells cultured within a three-dimensional collagen matrix (Fig. 7) . The capacity for tolvaptan to inhibit fluid secretion may be as important as its effect on cell proliferation. Inhibition of fluid secretion may limit the expansion of existing cysts and allow net fluid absorption to reduce cyst size and TKV.
In summary, concentrations of tolvaptan likely to be attained in the plasma of ADPKD patients by the dosing regimen of the TEMPO studies inhibit AVP-induced activation of the B-Raf/ Fig. 7 . Effect of tolvaptan on in vitro cyst growth of ADPKD cells cultured within collagen gel. ADPKD cells were seeded within a collagen gel and media containing 5 M forskolin and 5 ng/ml EGF were added for 3 days to initiate cyst formation. Agonists were removed and gels were incubated with control media or media containing 10 Ϫ8 M AVP Ϯ 10 Ϫ8 M tolvapatan for 5-7 days. Total surface area (SA) of cysts (Ն100 m) per well was measured. AVP increased total SA of the cysts, demonstrating that AVP accelerates cyst growth in vitro, and tolvaptan significantly inhibited AVP-induced cyst formation. *P Ͻ 0.01 compared with control. #P Ͻ 0.05 compared with AVP alone.
MEK/ERK pathway and cell proliferation and decrease both AVP-stimulated Cl Ϫ secretion and in vitro cyst growth of ADPKD cells. These data in human cyst epithelial cells aid in understanding the cellular mechanisms underlying the action of tolvaptan and offer additional support for the use of tolvaptan in the treatment of renal cyst progression in patients with ADPKD.
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